Abstract-The snake-like robot can be adaptive to many terrains with its abundant gaits. Serpentine locomotion is adopted widely, while concertina, side winding and rectilinear motions are considered little. To improve the adaptability in non-known environment, it is essential to include more locomotion methods into one robot. In that case, the robot can change its gaits according to the environment. In this research, a robot using additional sliding joints was proposed and the related kinematics analysis was performed. This robot can not only realize both the serpentine and the rectilinear motion, but also the fusion of two motions. This robot is expected to have a higher adaptability to complex environment.
I. INTRODUCTION
ATURE is the best teacher for human to learn from. In robotics, many robots inspired by biology are expected to walk like an animal on land, fly like a bird in sky and swim like a fish under water. Not only the mechanism mimics the biology, but also the control method is benefit from the neuron system such as central pattern generators.
Snake motion was studied long time ago, but it is only in the last century that people began to know the principle of the motion [1] . Hirose is the first researcher developed the snake-like robot prototype named with the active chord mechanism (ACM) [2] . Serpentine gait with sinus curvature is used to realize the undulatory propulsion. Later, many works based on Hirose's research was performed in recent years. Burdick tries to describe the dynamics model of snake-like robot by the geometrical mechanics [3] [4] . The state space is decomposed into a position space of Lie Group and a shape space of general manifold. Serpentine locomotion's adaptability on a slope and a uneven ground were studied by Ma and Chernousko, respectively [5] [6] . Recently, 3-D version ACM, mainly based on the lateral undulation, was developed by Yamada [7] . All of these robots adopt the passive wheels to simulate the snake scale to generate a bigger resistance force along the later direction and 
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Shugen Ma is with the Department of Robotics in Ritsumeikan University of Japan, Higashi Noji 1-1-1, Kusatsu, 525-8577, Japan and is with Shenyang Institute of Automation, Nanta Street, Shenyang, 110016, China (e-mail: shugenma@se. ritsumei. ac. jp). a smaller force along the body tangential direction. The acting force between the robot and the ground is similar with the skate on the ice surface. Some researches seek for the non-wheeled robots with the same locomotion method. Satio gave the kinematics model to this type of robot and initial experiments of the prototype [8] .
There are other three types of classic motions, concertina, side winding and rectilinear adopted by nature snakes except the serpentine locomotion. Birdick presented a model of the side winding motion [9] . Liu reported a snake-like robot with the rectilinear motion using a shape memory alloy actuator [10] . At the same time, some gaits not found in nature snake were developed to improve the motion ability. Yu gave a robot prototype which can realize the S-shape rolling and helical rolling [11] . Until now, the snake robot with concertina gait is not found as far as we know.
In our understanding, the snake-like robot is often asked to enter into the complex environment for exploration or rescuing tasks. The robot should have more locomotion gaits to be adapted to the understructure terrain. In general, there are four types of gaits, undulatory, concertina, side winding and concertina, found in the nature snake. Of these gaits, the undulatory is adopted by the most of snakes and rectilinear is found only in some large snakes like boas. Concertina and side winding are used by many snakes when the ground is slipped or loosen such as grass or sand. From the view of motion efficiency, the undulatory has the higher efficiency because its muscle actuates its joints to generate the continuous and smooth change of body curvature. Under the constraint of energy cost, the snake can advance quickly, while in other gaits, the non continuous motion makes the snake to have a very limited speed. However, the other three gaits except the undulatory are still very important for a snake-like robot applied in the special condition. For example, the undulatory robot can not work in the linear or circle channel for its singular posture and can not work well on loosen or sliding ground for the lateral slippage. In that case, the motion adaptability and efficiency should be considered at the same time. At sometime, the adaptability should be prior with regard the motion efficiency.
In this research, we proposed a totally novel snake-like robot composed of four yaw-joint modules hinged in serial. It is featured with both a rolling and a sliding degree integrated into every joint module. This robot can initially perform the rectilinear, the serpentine motion, or the fusion of the two motions. In this paper, we first give the mechanism in section II. Then, kinematics of rectilinear and serpentine locomotion is proposed in section III. Next, an analysis on fusion of the two motions is performed in section IV. Finally, simulations and initial experiments are given to verify our analysis.
II. MECHANISM WITH ROLLING DOF AND SLIDING DOF

A. Freedom Degree Design
The snake's articulation unit is similar with a two-degree-of-freedom joint with two orthogonal swing axis. In a simplified mechanism, one-degree-of-freedom hinges are used to connect the links in serial. This configuration can realize the planar locomotion. If a hinges' axis is perpendicular with the adjacent one as shown in Figure 1(a) , the robot can realized the 3D motion. This configuration generates the locomotion singularity because the deviation between the two axis. A joint with a pair of concurrent orthogonal axis can resolve this question well as shown in Figure 1(b) . This configuration can realize all of serpentine, concertina, side winding locomotion in theory because a 2 DOF hinge-link chain can fit any 3D curve. However, a more complex driving mechanism is used to realize this concurrent. Inspired by the globe joint and the multi-direction muscle, we design the joint's 2 DOF as shown in Figure 1 .
A roll degree replaces the pitch degree. If the link's length, the yaw angle, pitch angle in yaw-pitch joint are L, Į, ȕ, respectively. Then the joint's link endpoint P can be expressed by the following equation
where P 0 is the original coordinate in coordinate system, and C, S are the abbreviated form of cos and sin. It is assumed that the length of link in the roll-yaw joint link is same the one in yaw-pitch joint. Similarly, if the yaw angle and the roll angle are ș and Ȗ, respectively, the link endpoint P' can be written as
If let P = P', then the required ș and Ȗ will be calculated through equation (1) and (2).
From equation (3), it is concluded that all of the joint angle generated by figure 1(b) can be realized by figure 1(c), so the two mechanisms are equivalent in function. Compared with the yaw-pitch joint, the roll-yaw joint has a considerable simple mechanism convenient to add our required sliding degree. Additionally, it is obvious that the rolling degree is needed in concertina and side winding motion. Although a conversion computation can be performed from yaw and pitch angle to roll angle, it adds the calculation cost.
B. Articulation Module and Prototype
An articulation unit is shown in Figure 2 . Three motors are used in one unit for three freedom degrees. Motor 1 drives the worm pair through two stages gear match to obtain the enough reduce ratio and drive force. Motor 2 rotates the screw pair and the nut generates the linear motion to propel the linear unit installed on a roller guider. In the linear unit, motor 3 is used to output the roll degree.
Passive wheel is an effective resolution to simulate the snake's skin with larger difference between the friction coefficient at the longitudinal direction and the one at the later direction. When a snake-like robot moves on an uneven surface, it's difficult to keep all the wheels contacting with the ground. If the wheel departs from the ground, the locomotion often fails. Now, there are two research topics about how to improve the passive wheel's adaptability to the terrain. One is that control the joint to make the wheel contact with the ground through some pressure, range or tact sensors, the other is to design the new passive wheel. In our landing assembly, we construct a novel circumferential complementary wheel mechanism. The detailed design is show in Figure 3 . The land assembly has a circle contour. A group of wheels are used to form the full circumferential passive wheel loop. Main wheel has a rotary spherical face with center at the axis of the shell. Ten main wheels are spliced together to form the loop with the rotary axis approximate to a circle. There is a dead area between the main wheels because of the bearing blocks. The supplement wheels are used to make up this blank. The main wheel and the supplement wheel are installed at the two ends of the shell. The proposed robot is shown in Figure 4 . All parameters related with the robot are listed in Table I .
III. KINEMATICS OF SERPENTINE AND RECTILINEAR GAIT
The kinematics model of the robot is shown in Figure 5 
A. Rectilinear Gait
The snake robot composed of swing joints has the motion singularity when the body is shaped into a line or an arc. The presented robot in this research can resolve this question well. The linear joint plays an important role in the gait. Here, we give the locomotion process of a robot composed of three articulation modules and a head cabin as shown in Figure 6 . 1, 2 and 3 denote the yaw joints and I, II and III represent the links which can change its length as the linear joints. 0 is a head cabin. Only 0, 1, 2 and 3 contact the ground. A stroke along a line is demonstrated from phase A to E in Figure6. At first, the link I is extended and others keep static, then the head cabin 0 is pushed forward in phase A. Next, link I contracts and link II extend, so the joint 1 is pushed forward in phase B. The similar action takes place in phase C and joint 2 advances. Finally, joint 3 is pulled forward when the link III contracts. The robot advances ǻs in this case. Phase E has a same configuration with A, so the robot can continue to go forward if the process is repeated.
B. Serpentine Gait
When the robot is running on a horizon plane, the roll joint is initialed at the zero to assure that the axis of the yaw joint is perpendicular with the ground. The robot can realized the snake-like gait when the yaw joint is actuated. The serpentine curve is defined as following equations. 
The serpentine curve is discrete into a group of segments with a fixed length l in serial as shown in Figure 7 . All segments are tangent to the serpentine curve at the middle point, where the passive wheel is installed.
The relative angle between the former link and the back link can be calculated through curvature integration of the two tangent points as equation (5). In general, the arc length between two tangent points is approximated as link length. 
where s is the virtual curve length between the robot's tail and the serpentine origin, s pi is the curve length between the tail and the ith joint. Approximately, pi s i L | . It is assumed that the robot run at a even speed v along the curve, then s v t .
Substituting s into equation (6) and differentiating with regard to t, then we can get the joint rotational speed.
IV. MOTION FUSION OF SERPENTINE AND RECTILINEAR GAIT
In derivation of equation (4), we introduced an approximation of s pi § iL. This will lead to a little and negligible error when the link is very short with regard to the wave arc length of the serpentine curve. In general, over 10 links are necessary to fit the curve with the higher precision. If the link number can not meet this demand, the error will make the control law generate the higher uncertainty. The slippage will occur and the motion efficiency will be lowered greatly. In our design, we use the linear sliding freedom to modify this error actively. The following will give the forward kinematics solution of the yaw joint speed and the linear joint speed.
Similar with the serpentine model, we assume that O 1 is the first yaw joint and O 1 B with the sliding freedom can be changed while O 1 A is fixed. The fusion model is shown in Figure 8 . At the initial configuration, the wheels are at the middle point A and B of the two links. The axis of the wheel is normal to the link. When the robot advances, we want to make the wheel always normal to the curve. s is the arc length from start point O of the curve to A and s is the arc length from A to B. The coordinates of A and B can be calculated according to (4) . 
O 1 B has a fixed length, so we can get the coordinates of O 1 according (9) and (10). 
We must assure that O 1 A is tangent with the curve at A, so the slope of O 1 A computed by (8) and (11) should be equal with the one by the curve tangential equation. 
Substituting (8) and (11) into (12), the following equation must be satisfied.
Parameters a and b are determined by the serpentine curve in (13), so we can find the relation between s and s. The accurate yaw joint angle and link length can be given by the following equations. 
Then the corresponding velocity can be calculated. 
The later joint control law can be generated by the accurate phase delay. It is assumed that the arc length between the adjacent wheel axis is s 1 , s 2, …, s n . then the phase delay from the joint 1 is 
V. SIMULATION AND DISCUSSION
In our design, we select the serpentine parameters a = ʌ/3 and b = 6.4245. This parameter will make the 6 links about 0.169 m length to fit the serpentine curve with total length 0.99m. Because all the joins are similar only with the phase delay, so the simulation is focused on the first joint. When the joint travels along the curve of one period, all the joint postures are given with a step 0.5. The variable link length is ranged from 0 to 0.12. The simulation results are shown in Figure 9 . The red posture denotes that the accurate solution meet the requirement is not found. In that case, an approximated solution is adopted.
The yaw joint angle and the link length changes were given by figure 10. The red curve denotes the link length change and the yaw joint angle is at the bottom. The green curve is the arc length between the two wheel axe. From the results, we can know that the link length changes smoothly and continuously in the most positions of the half wave of serpentine curve. There are some few positions the tangent requirement is not satisfied well. From a half wave to the adjacent wave, the link change is not continuous. The arc length has a similar change trend with the link length, but there is a little difference between them because they can not coincident with each other after translation along Y axis. The yaw joint angle is still smooth in the accurate solution interval. In the approximation interval, the change is not smooth. This simulation is performed when a takes different value, the results is similar as shown in Figure 11 . From the result, we can see that when a increases the approximate interval is enlarged and the link change hardly.
From the above analysis, it is obvious that the yaw joint angle and the link length change in approximate internal demonstrate the non continuous characteristics. To avoid the potential impact, two methods can be applied. One is to use the interpolation to link the end points of the approximate interval with the tangential smooth spline. The other method can adopt the curve fit to find the continuous smooth function in the whole period of serpentine curve.
Because the link length changes periodically, so summary of sine function is used as fit equation as in (16). 
The fitness results are shown in Figure 12 and Table II . Obviously, when the fit order increases, the fit curve approximate the data point. But the control law includes more frequency components, and the curves' up-and-down is also increased, which is harm to the motion's stability. So the order should be selected as possible as small under some fitness according to the experimental test. The wheel axe's angle deviations from the normal direction of the serpentine curve are shown in figure 13 . When equation (6) is adopted as control law for yaw joint, this deviation demonstrates sine-law changing trend with larger amplitude. When complete modify used the variable link length without fit, the deviation is almost cancelled out at the accurate interval, while it has jump change in the approximate interval.
After function fit to the link length with order 5 sum of sine equation, the deviation waves in accurate interval, but the jump is removed. So, the fit is necessary to the locomotion control.
The prototype was manufactured as the figure 14. The robot is composed of four articulation units linked in serial. Because the rolling joints are used, cable connection between the articulation units will be difficult. A distributed wireless controller powered by battery will be integrated into every unit in the near future.
VI. CONCLUSION
Snake-like robot is always expected to perform the exploration task in nonstructural environments. It is necessary to integrate more locomotion gaits to one robot to improve its adaptability. In this paper, a novel snake robot is developed. It adds the link with variable length and the joint with rolling freedom degree compared to the general snake robot only with yaw joint. It can realize the rectilinear gait in narrow channel where the serpentine locomotion can not work well. Additionally, the robot can fuse the rectilinear motion and the serpentine locomotion into one novel gait. In that case, the robot can assure that the wheel axe is always normal to the curve, which can avoid the slippage perfectly. The paper gave the kinematics results of the joint control law to perform these gaits. Simulation verified the presented method is effect in the most positions of the curve but not all position because of the physical limitation of link's fixed length. This research has laid a basis to the next development of the control algorithm. 
